Sorting of microswimmers based on their mobility properties is of utmost importance for various branches of science and engineering. In this paper, we proposed a novel sorting method, where the mixed chiral particles can be separated by applying two opposite rotary obstacles. It is found that when the angular speed of the obstacles, the angular speed of active particles and the self-propulsion speed satisfy a certain relation, the mixed particles can be completely separated and the capture efficiency takes its maximal value. Our results may have application in capture or sorting of chiral active particles, or even measuring the chirality of active particles.
I. INTRODUCTION
In recent years a significant amount of research has been focused on active particle systems, where the internal energy or energy from the local environment can be converted into the directed motion [1] [2] [3] [4] [5] . Compared with passive Brownian particles, active Brownian particles are able to consume internal energy and actively facilitate directed motion in the out-of-equilibrium environment [6] [7] [8] [9] [10] . The motion of active particles not only depends on a random diffusion, but also is determined by a self-propelling force and a torque (if considering the chirality of active particles) [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The dynamics of active particles could exhibit peculiar behaviors [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] , such as anomalous density fluctuations 23 , clustering 24 , unusual rheological behavior 25, 26 , and activity-dependent phase boundary changes 27 . Active particles can be captured and separated based on their mobility properties [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] . Yang and his coworkers 40 found that particles in a binary mixture can be effectively separated by using self-driven particles. McCandlish and his coworkers 41 found that the difference in collision frequencies between passive and active particles can provide a driving force for separating passive and active particles. Maggi et al. 42 demonstrated that the centrifugation induces significant effect on the separation of active particles with different motilities. Costanzo 43 studied the separation of run-and-tumble particles in terms of their motility in a channel. Fily et al. 44 showed that the boundary shape of containers affects the dynamics of active fluid and particles can be trapped at the boundary. Yang et al. 45 found that a mixture of bidisperse disks could be segregated in a confined box. In the environment with asymmetric obstacles, Berdakin and his coworkers 46 proposed different swimming strategies for active particles separation. Reichhardt 47 separated particles with different chirality by using asymmetric patterned arrays. Based on the chirality of active particles, active particles with opposite chirality can be separated in the chiral flower 48 . In the channel with rigid half-circle obstacles, the mixed chiral particles can be separated by applying a contain force or a shear flow 50 . Most studies on particle separation have referred to the static obstacle. However, in some real and artificial systems, the rotary obstacles may play an important role in transport. Therefore, it would be interesting to sorting particles in a system with rotary obstacles. In this paper, we proposed a new sorting method, where the opposite chiral particles can be captured and separated by applying two opposite rotary obstacles. We found that when the angular speed of the obstacles, the angular speed of active particles and the self-propulsion speed satisfy a certain relation, the mixed particles can be completely separated and the capture efficiency takes its maximal value.
II. MODEL AND METHODS
We consider the mixtures of chiral active particles moving in a confined box with the heightĤ and the lengthL. In the box, there exist two rotary obstacles which consist of two intersecting linear boundaries with the lengthl (as shown in Fig. 1 ). Two obstacles rotate with angular speedω 0 and −ω 0 , respectively. Obstacles rotate clockwise (counterclockwise) for negative (positive)ω 0 . The dynamics of particle i with radius a is described by the position r i ≡ (x i ,ŷ i ) of its center and the orientation θ i of a polar axis n i ≡ (cos θ i , sin θ i ). The particle i obeys the following overdamped Langevin equations, ). The hard wall boundaries are imposed in both x direction and y direction. The red and blue balls denote CCW and CW particles, respectively.
with µ the mobility andv 0 the self-propulsion speed.D θ is the rotational diffusion coefficient.Ω is the angular velocity of chiral active particles and the sign ofΩ determines the chirality of the particle. The trajectory bends counterclockwise (clockwise) for positive (negative)Ω. For convenience, we call them as counterclockwise (CCW)particles and clockwise(CW)particles, respectively.ξ i (t) denotes the Gaussian white noise of zero mean and satisfies ξ i (t)ξ j (s) = δ ij δ(t − s). Note that in many realizations ( e.g. bacterial suspensions and active colloids), the rotational noise is athermal and the effective diffusion fromD θ is much larger than the thermal diffusion, so we neglect thermal noise in this paper. We consider particle-particle interactionF ij and particle-obstacle interactionĜ ij as spring forces with the stiffness constantk pp andk po , respectively.
Here, r ij is the distance between the particle i and the object (particle or obstacle) j. We define the ratio between the area occupied by particles and the total available area as the packing fraction φ = N πa 2 
LĤ
, where N is the total number of particles. Eqs. (1) and (2) can be rewritten in the dimensionless form by introducing characteristic length scale and time scale r i =r
and the other parameter are v 0 =v
H =Ĥ a and l =l a . To quantify particle separation, we calculate the Gini coefficient,
where N In order to describe the capture of active particle, we define the capture efficiency
III. RESULTS AND DISCUSSION
In our simulations, unless otherwise noted, we take L = 80.0, H = 60.0, l = 40.0, φ = 0.1, D θ = 0.0005, and k po = 100.0. Note that the behavior of interest (separation of active particles) in this study is not very sensitive to local density, the influence of boundary conditions on particle separation is very small, therefore we only use the closed boundary conditions in the simulations. Fig. 2(a) shows the distribution of particles at time t = 0, where particles are uniformly distributed in the box and particles with oppositive chirality are mixed completely. The distributions of particles at for different ω 0 at t = 10000 are shown in Figs. 2(b-d) . When ω 0 = 0.002, particles are still mixed (shown in Fig. 2(b) ). In this case (ω 0 < Ω), the distance between particles and obstacles is very large so that the interaction between particles and obstacles is very small. The trajectory of particles mainly depends on the speed v 0 and the rotational diffusion coefficient D θ . When ω 0 = 0.2 (ω 0 > Ω), these two kinds of particles are still mixed, but repelled outside the circles whose diameter is the length l of the obstacles (shown in Fig. 2(d) ). In this case, the distance between particles and obstacles is very small so that interactions between particles and obstacles become very strong. For ω 0 ≫ Ω, the rotary obstacles seem like disks, particles could not enter the region of obstacles. When ω 0 = 0.02 = Ω, almost all active particles are stably captured and separated by the rotary obstacles: the CCW particles are stably distributed in the left region of the box, while the CW particles are stably stayed in the right region (shown in Fig. 2(c) ). Therefore, particles with different chirality can be separated.
To quantify particle separation, in Fig. 3 we plot the Gini coefficient g as a function of time t for different obstacle rotation values of ω 0 at v 0 = 0.2 and Ω = 0.02 (the corresponding snapshot shown in Figs. 2(b-d) ). It is found that the Gini coefficient g is less than 1 when ω 0 = Ω, which shows that the mixed chiral particles can not be separated even for a long time. However, when ω 0 = Ω, the Gini coefficient g tends to 1 after a long time, which shows that the mixed chiral particles can be completely separated. Thus we can realize the separation of particles with different chirality under the condition of ω 0 = Ω. In order to explain the separation mechanism, a schematic diagram is shown in Fig. 4 . When the CCW particles meet the CCW rotary obstacles, they will rotate together atω 0 = Ω, therefore, the CCW particles prefer to stay in the left region of the box. However, when the CW particles meet the CCW rotary obstacles, the CW particles would be thrown out from the left region. In the same way, the CW particles will stay in the right region and the CCW particles would be thrown out from the right region. Therefore, the CCW (CW) particles will gather in the left (right) region of the box and the mixed particles can be separated.
In Fig. 5 , we show the effect of self-propelling speed v 0 on separating efficiency at ω 0 = Ω = 0.02. When v 0 = 0.05, only a few particles are captured by the obstacles, most of the particles outside the regions of obstacles are still mixed (shown in Fig. 5(a) ). When v 0 = 0.2, almost all particles with different chirality are gathered in different regions of rotary obstacles (shown in Fig. 5(b) ). When v 0 = 1.0, most of the particles with different chirality are gathered in different regions of rotary obstacles (shown in Fig. 5(c) ). When v 0 = 10.0, all particles accumulate at the boundaries of the box and no particles are trapped by the obstacles (shown in Fig. 5(d) ).
We will discuss how the parameters (Ω, ω 0 , v 0 and φ) affect the capture behaviors. The dependencies of the capture efficiency η on the parameters (Ω, ω 0 , v 0 and φ) is shown in Fig. 6 . From Figs. 6(a) and 6(b) , we find that the capture efficiency η tends to 1 at ω 0 = Ω after a long time (also see the inset of Fig. 6(a) ). The capture efficiency η will take its maximal value at v 0 = lΩ/4 (shown in Fig. 6(c) ). Therefore, when the relation Ω = ω 0 = 4v0 l is satisfied, the mixed particles can be separated and the capture efficiency η goes to 1. Fig. 6(d) shows the capture efficiency η (the captured CW particles N c ) as a function of the packing fraction φ at Ω = ω 0 = 4v0 l . It is found that the capture efficiency η decreases with increasing φ. This is because for large φ, many CW particles can not be captured by the left rotary obstacles. However, because the total number of CW particles increase with φ, N c increases with φ.
IV. CONCLUDING REMARKS
In this paper, we considered chiral active particles moving in the box, where there exist two rotary obstacles with different rotation directions. From numerical simulations, we mainly studied how the rotary obstacles affect the motion of chiral active particles. We found that the matching relation between the rotation angular speed ω 0 of rotary obstacles and the angular speed Ω of the particles strongly affects separation behaviors. When ω 0 = Ω, the mixed particles were still mixed and were thrown out of the region of the obstacles. Only when ω 0 = Ω, particles with different chirality would be captured and separated in different regions: the CCW particles would gather in the left region of the box, while the CW particles would stay in the right region. The separation efficiency also depends on the self-propelling speed v 0 . When v 0 is very small, particles are mixed and could not be separated. When v 0 is very large, particles accumulate the boundaries of the box and could not be separated. There exists an optimal v 0 at which particles could be completely separated. Interestingly, we find that when the relation Ω = ω 0 = 4v0 l is satisfied, the mixed particles can be completely separated and the capture efficiency takes its maximal value. Our results may have application in separation and capture active particles with different chirality. Moreover, we can measure the chirality of active particles with a rotary obstacles by adapting the rotation angular speed of obstacles.
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